Langevin dynamics is used to study equilibrium properties of the suspension of magnetic filaments (chains of nanoparticles permanently crosslinked with polymers). It is shown that the filament suspension generally has larger magnetic susceptibility than the system of unlinked nanoparticles with the same average particle concentration. However, actual susceptibility gain strongly depends on length and flexibility of filaments. It also shown that in a strong gravitational (centrifugal) field sedimentation profiles of filaments are less homogeneous than that of unlinked particles. The spatial distribution of filaments weakly depends on the intensity of interparticle dipole-dipole interactions.
Introduction
Magnetic filament is a chain of magnetic micro-or nanoparticles permanently connected by polymer linkers [1, 2] . Such filaments have numerous potential applications. Chains of magnetic particles can be used as self-propelling devices for drug and cargo delivery, as magnetically controlled microfluidic mixers and as micromechanical sensors [3, 4, 5, 6] . In Ref. [7] the suspension of nanosized magnetic filaments was proposed as an improved substitute for conventional ferrofluids, i.e. colloidal dispersions of unlinked monodomain nanoparticles in a nonmagnetic carrier liquid. Permanent chains are expected to have a strong response to magnetic field and a high resistance to shear stress, which can be a benefit in ferrofluid applications. Much effort has been recently devoted to the analytical and numerical study of suspended nanosized filaments in the limit of infinite dilution, when interaction between individual chains can be neglected [2, 7, 8] . In Ref. [9] the pair of interacting filaments was considered. However, large ensembles of interacting filaments, which are a closer approximation for filament-based ferrofluids, have not been thoroughly studied yet. In the present work, equilibrium properties of moderately concentrated filament suspensions are numerically investigated via the Langevin dynamics simulation.
Model and simulation method
The simulated system consists of N f filaments and each filament consists of equal number of particles l f . So, the total number of particles in the system is N p = N f · l f . Particles are uniformly magnetized spheres of equal diameter d and with magnetic moments of equal constant magnitude µ. The movement of the ith particle in the carrier liquid obeys the Langevin equationṡ
where asterisk denotes reduced quantities, d is used as a unit of length, particle mass m -as a unit of mass and the thermal energy k B T -as a unit of energy. Thus, v * i = v i m/k B T and ω * i = ω i md 2 /k B T are the reduced linear and angular velocities, correspondingly, r * i = r i /d is the reduced particle position, µ i = µ * i /µ * = µ i /µ is the unit vector along the particle magnetic moment, µ * = µ µ 0 /4πd 3 k B T is the reduced magnetic moment, µ 0 is the magnetic constant, U * i = U i /k B T is the reduced particle potential energy, J * = J/md 2 is the reduced moment of inertia, γ * T = γ 
the reduced time is t * = t k B T /md 2 . The interaction energy of two arbitrary particles i and j consists of the steric repulsion energy u sr (i, j) and the dipole-dipole interaction energy u dd (i, j):
where u LJ is the Lennard-Jones potential, r cut = 2 1/6 d is the cutoff radius [10] . Additionally, some bonding interaction between adjacent particles in the filament must be imposed to preserve filament's chain-like structure. For this purpose, the phenomenological potential introduced in Refs. [2, 7] is used:
The potential mimics the harmonic spring that links opposite poles of two consequent particles in the filament. It is not only forbids neighbors to move too far from each other, but also promotes an alignment of their magnetic moments (it is implied that the magnetic anisotropy of particles is large and moments are "frozen" within the particle bodies). Three dimensionless energy parameters can be introduced for the simulated system: the steric repulsion parameter = ε/k B T , the dipolar coupling parameter λ = (µ 0 /4π)µ 2 /d 3 k B T = µ * 2 and the elastic parameter κ = Kd 2 /2k B T . Using these parameters, interaction potentials (4)- (7) can be rewritten in the reduced form:
The input parameters of the simulation are κ, λ, l f , N p and the average particle volume fraction ϕ = N p ν/V , where ν = πd 3 /6 is the particle volume, V is the volume of the simulation cell. Other parameters are fixed: = 0.67, J * = 0.1, γ * R = 3, γ * T = 1. = 0.67 ensures that at κ = 0 and λ = 0 the system free energy coincides with the free energy of the ensemble of hard spheres with diameter d [11] . Langevin equations are integrated using the modified leapfrog algorithm by Grønbech-Jensen and Farago [12] . 
Results

Filament configuration at infinite dilution: effect of the elastic parameter
Auxiliary simulations were conducted in order to analyze the effect of the elastic parameter κ on the behavior of the considered filament model. A single isolated ten-particle filament (N f = 1, l f = 10) was simulated in the absence of external force fields and under open boundary conditions (similarly to Refs. [2, 7] ). Normalized average magnetic moment of the filament
was calculated for different values of λ and κ. Results are shown in Fig. 1 . Let's first consider λ = 0. At κ = 0.1 µ f 1/ l f 0.3, which coincides with the average magnetic moment of l f independently fluctuating dipoles. As seen in Fig. 2(a) , particles are chaotically moving in the proximity of each other and do not resemble a chain. An increase of κ by two orders of magnitude increases magnetic moment only up to µ f 0.5. At this point the system obtains the chain-like structure, but the chain is rather flexible (see Fig. 2(b) ). At κ = 10 3 ( Fig. 2(c) ) µ f 0.8, which is close to the magnetic moment of a rigid rodlike chain (µ f = 1). At λ ≤ 4 the magnetic moment only slightly depends on the dipolar parameter, but at 4 λ 6 it rapidly decreases. At λ > 6 filaments are in the stable ring configuration with µ f < 0.1 ( Fig. 2(d) ). The ring formation occurs regardless the elastic parameter. In what follows only systems with λ < 4 will be considered since rings are known to weaken the magnetic response of ferrofluids [13] .
Initial magnetic susceptibility of the filament suspension
To calculate the magnetic susceptibility of the filament suspension, the system of N p = 2000 particles in the cubic cell with 3D periodic boundary conditions was simulated. Standard Ewald summation technique with "conducting" boundary conditions was used to calculate dipole-dipole interactions in the periodic system [10] . External fields were absent. Figure 3 shows an example of the system equilibrium configuration. Susceptibility was calculated as follows [14] : 
where χ L = 8λϕ is the Langevin susceptibility. In Fig. 4 concentration dependencies of χ are given for λ = 2, κ = 10 3 and different filament sizes l f . For l f = 1, i.e. when particles are not forced to form chains, results are well described by the second-order modified mean-field model [15] 
For l f > 1 susceptibility is expectedly larger. Figure 5 shows concentration dependencies of the quantity δ χ (l f ) = χ(l f )/χ(l f = 1). Basically, this quantity indicates how the replacement of individual colloidal particles with filaments increases the suspension magnetic response, if the amount of magnetic phase, its average concentration and the dipolar coupling parameter remain unchanged. It is seen that for flexible filaments (κ = 10) δ χ weakly increases with the filament size, in a broad range of concentrations δ χ 2 regardless l f value. For stiff chains (κ = 10
3 ) a much stronger increase of the susceptibility can be achieved. Though even in this case δ χ (l f ) < l f . It also seems that for fixed λ and l f the quantity δ χ decreases with the growth of the average particle concentration. To clarify this effect, further investigations are required. 
Sedimentation stability of the filament suspension
From an applied point of view, one of the most important characteristics of ferrofluids is their ability to maintain spatial homogeneity under the action of applied force fields such as gravitational or gradient magnetic ones [16] . To evaluate the stability of the filament-based ferrofluid, the process of filaments' sedimentation in a strong gravitational (centrifugal) field was simulated.
Simulation algorithm proposed in Ref. [11] was used. Filaments were placed inside the elongated rectangular cavity of the height L z , gravitational field g was acting along the cavity long axis (z-axis). Top and bottom surfaces of the cavity (z = L z and z = 0, correspondingly) were impenetrable for particles and 2D periodic boundary conditions were imposed along the x− and y− directions. To take into account the presence of the gravitational field, additional term in the ith particle's full energy was introduced:
where L sed = k B T /∆ρνg is the particle sedimentation length, ∆ρ is the density difference between the particle and the carrier liquid. Long-range dipole-dipole interactions were calculated using the modified Ewald summation technique adapted for the slab geometry. Details can be found in Ref. [17] . The main simulation result is the equilibrium concentration profile ϕ = ϕ(z), where ϕ is the local volume fraction of particles at the height z.
Profiles obtained at different values of l f , λ and the gravitational parameter G = L z /L sed are given in Fig. 6 . It is seen that at λ = 0 the suspension with l f = 10 is substantially more inhomogeneous than the suspension with l f = 1. It simply means that the gradient diffusion coefficient of stiff chains is lower than that of unlinked soft spheres. In the case of ten-particle filaments, profiles do not significantly change with the growth of λ. On the contrary, the spatial homogeneity of unlinked particles is strongly affected by dipole-dipole interactions. At λ = 3 profiles for l f = 1 and l f = 10 become very close. This is probably due to the fact that at high λ magnetic particles tend to assemble into various aggregates even without polymer linkers [13] .
Conclusion
It was numerically investigated how the replacement of individual nanoparticles with nanosized magnetic filaments will affect the equilibrium properties of ferrofluids. It was shown that at the same average concentration of magnetic phase the filament suspension have a stronger magnetic response than the standard ferrofluid. However, to obtain a large susceptibility gain (more than twofold), several requirements must be met. Filaments must not only be long, they have to be rather stiff: the characteristic energy of the polymer bonding between two adjacent particles in the filament must be several orders of magnitude larger than the thermal energy. The replacement of particles with filaments has a negative impact on the suspension stability in strong gravitational (centrifugal) fields. At high dipolar coupling parameters λ the effect is weak: concentration profiles for unlinked particles (monomers) and for the system of ten-particle filaments are almost the same. In both cases, magnetic phase distribution can be highly inhomogeneous. But the inhomogeneity of monomers decreases with decreasing λ, whereas for long filaments the suspension remains segregated even when dipole-dipole interactions are weak.
Obtained results suggest that the replacement of individual particles with filaments will have a greater impact on the system susceptibility if the average particle concentration is low. It means that interchain interactions (steric and/or dipole-dipole ones) are able to reduce the advantages of magnetic filament suspensions over standard ferrofluids. The exact mechanism behind this effect is not clear. Perhaps, a detailed study of filaments' microstructure at different concentrations will shed light on the problem. Another issue that deserves a special consideration is the stability of filament suspensions in high-gradient magnetic fields, which are typical for some applications of ferrofluids [16, 18] . These problems will be addressed in future articles.
